INTRODUCTION
Phenotypic variation within and between taxa is not uniformly distributed across geographical space because local environmental conditions can induce marked phenotypic differences (Wainwright, Osenberg & Mittelbach, 1991) . This lack of phenotypic uniformity has important implications for individual fitness, intraspecific cohesiveness, and species distribution (Gaillard et al., 2000; Rosenblum, 2006) . This is because specific phenotypic traits, which can be advantageous under certain environmental conditions but adverse under others, can determine the likelihood of individual survival. Therefore, understanding the spatial distribution of phenotypes and their association with environmental pressures can provide important insights into the evolutionary history and ecological dynamics of species.
Numerous studies have shown that inter-and intraspecific geographical variation is often associated with differences in continuous environmental variables along species ranges (Gaston, Chown & Evans, 2008; Luxbacher & Knouft, 2009; Wolf, Friggens & Salazar-Bravo, 2009) . One well-known example is the trend reported in the big brown bat, Eptesicus fuscus, in which a positive correlation exists between skull size and moisture (Burnett, 1983) . Larger skull sizes in this species of bat might be an adaptive response to higher levels of food productivity in increasingly moist habitats. Another example is the Indian fruit bat, Cynopterus sphinx, in which body size was found to be negatively associated with minimum temperature (concordant with Bergmann's rule) and positively with relative humidity and seasonality (Storz et al., 2001) . A similar relationship between humidity and body size has been hypothesized for Middle American populations of the Artibeus lituratus complex; however, this relationship remains untested.
In the present study, we assessed the morphometric variation in the great fruit-eating bat, A. lituratus, and we tested the hypothesis of an association between skull size and environmental variables in Middle and South American populations. Artibeus lituratus is a relatively common bat that occupies diverse habitats throughout its range across the Neotropics (Patten, 1971; Davis, 1984; Marques-Aguiar, 2007) . Along with its distribution over large and heterogeneous areas, populations of A. lituratus also exhibit high levels of variability in body and skull size. In particular, the extensive morphological variation present in populations of A. lituratus in mainland Middle America has led to the proposal of the existence of two distinct morphotypes in terms of body and skull size, which have been taxonomically assigned to different subspecies (small morphotype, Artibeus lituratus intermedius; and large morphotype, Artibeus lituratus palmarum) (Andersen, 1908; Goodwin, 1969; Jones & Carter, 1976; Hall, 1981; Marques-Aguiar, 1994) . These two subspecies are assumed to be parapatrically distributed with small individuals (assigned to intermedius) restricted to dry zones and large individuals (assigned to lituratus) mainly distributed in wet tropical forests across Middle America, the Caribbean islands, and South America (Davis, 1984) . Some studies have proposed that the size differences even support the idea that A. l. intermedius should be regarded as a species (Allen, 1897; Jones & Carter, 1976; Davis, 1984; Owen, 1987; Flores, 2005) and justify the retention of palmarum as a subspecies of A. lituratus (but see Simmons, 2005; Marques-Aguiar, 2007; Redondo et al., 2008) . Regardless of the definitive taxonomic assignment, the hypothesized association between habitats and morphological variation suggests that environmental pressures could be an important driver of morphological differentiation in this group. Yet, this hypothesis has not been tested, nor has its prediction that there should be a significant association between habitat-specific environmental conditions and morphometric skull variation.
The present study aimed to explore whether the size differences in Middle and South America populations of the A. lituratus complex are associated with localized environmental conditions. If differences in skull size are geographically defined and prevalent environmental conditions are geographically structured, these morphological differences could be the product of environmental differences among the habitats. Under this scenario, skull size morphology should be correlated with climatic variables that characterize dry and humid environments (i.e. temperature and precipitation).
MATERIAL AND METHODS

MATERIAL EXAMINED
We examined 390 skulls of museum voucher specimens (see Supporting information, Appendix S1) from 127 localities that encompass the geographical distribution of the A. lituratus complex in mainland Middle and South America (Fig. 1) . One-hundred and ninetythree individuals of intermedius (NǨ = 96, Nǩ = 97) and one-hundred and ninety-seven of lituratus (NǨ = 101, Nǩ = 95, Undetermined = 1) were included. We used the morphological criteria of Allen (1897), Allen & Chapman (1897) , and Davis (1984) to taxonomically identify the specimens included. Specimens identified as lituratus were characterized by a large and robust body and skull, prominence of facial stripes, firmness of the skin attached to the pectoral region, and the presence of a supraorbital ridge. We found that size differences reported by Davis (1984) used to characterize intermedius represent shape differences in terms of robustness of the skull, which can be used in conjunction with patterns of coloration of pelage (brownish, underparts darker than upperparts), prominence of facial stripes (malar stripes obscure or missing), lack of firmness of the skin attached to the pectoral region, and the absence of a supraorbital ridge (M. R. Marchán-Rivadeneira, pers. observ.). Of the specimens examined, 35% were previously identified by Davis (1984) and we confirmed his morphological identifications. Our sample includes specimens genetically identified by Larsen (2010) , which, based upon nuclear genetic data (amplified fragment length polymorphisms) and morphology, were 100% congruent.
MORPHOLOGICAL VARIATION
We recorded 11 cranial and six mandibular measurements (Fig. 2 ) using a digital caliper (Fowler UltraCal Mark IV) to the nearest 0.01 mm to assess phenetic variation in the populations of the A. lituratus complex. These measurements have been widely used in previous studies because of their resolution for evaluating inter-and intraspecific variation in Artibeus (Patten, 1971; Davis, 1984; Lim, 1997; Marchán-Rivadeneira, 2006; Larsen, Marchán-Rivadeneira & Baker, 2010a, b) . Only adult specimens, in accordance with the age criteria of Anthony (1988) , were used in the statistical analyses to reduce the effect of nonlinear allometric associations and to homogenize the data matrix (Pimentel, 1992) . The variables included were greatest length of skull (GLS); condyloincisive length (CIL); height of skull (SH); mastoidal breadth (MB); greatest width of braincase (BRW); zygomatic arch breadth (ZB); postorbital constriction width (POW); breadth across upper canines (CC); breadth across the outer edges of the second upper molars (M2M2); palatal length (PL); maxillary toothrow length (MXTR); mandible length (ML); mandibular toothrow length (MLT); breadth across lower canines (cc); height of coronoid (HC), mandibular depth (MD), and condylar mandibular breadth (CM). All measurements were logarithmically (log 10) transformed to enhance normality and homoscedasticity (Sneath & Sokal, 1973; Sokal & Rohlf, 1995; Zar, 1998) .
The initial statistical analyses comprised two steps: (1) a test for sexual dimorphism and (2) evaluation of the extent of morphometric variability in our sample of the A. lituratus complex. Because previous studies (Willig & Hollander, 1995; Lim, 1997; Guerrero, De The results of this analysis should be preferred to the alternative of analyzing the groups independently because PCA does not take into account any difference between groups based on a priori classification of the sample. A PCA was performed on the covariance matrix of log-transformed cranial and mandibular measurements to assess the morphometric variability within the sample. Overall, skull size variation in the sample was summarized by the first axis of the PCA (hereafter referred as PC1). We performed a normal mixture fit test using MCLUST (Fraley & Raftery, 2006) to examine the distribution of PC1 loadings and the distribution of the greatest length of skull in the sample. If a single size-class is detected in the sample, it was interpreted as unimodal distribution. Additionally, differences between intermedius and lituratus (fixed factors) in the 17 cranial and mandibular measurements (dependent variables) were assessed based on morphological identifications by performing MANOVA tests for the whole sample and between allopatric and sympatric specimens, separately. The statistical significance levels were evaluated based on P-values adjusted using a Bonferroni correction for multiple tests, holding the overall a level at 0.05. Statistical analyses were performed using SPSS, version 13.0 (SPSS Inc.) and the Comprehensive R Archive Network (CRAN; http://CRAN.R-project.org/).
ASSOCIATION BETWEEN MORPHOLOGICAL TRAITS AND ENVIRONMENTAL NICHE
A canonical correlation analysis (CCA) was performed to measure the association between linear combinations of morphological (17 craniodental measurements, see above) and environmental variables. Environmental data were extracted at each collection locality using ArcGIS, version 9.3 (ESRI, 2008) from 19 bioclimatic layers (Hijmans et al., 2005) . These layers include annual mean temperature (°C), mean diurnal range (°C), isothermality, temperature seasonality, maximum temperature of warmest month (°C), minimum temperature of coldest month (°C), temperature annual range (°C), mean temperature of wettest quarter (°C), mean temperature of driest quarter (°C), mean temperature of warmest quarter (°C), mean temperature of coldest quarter (°C), annual precipitation (mm), precipitation of wettest month (mm), precipitation of driest month (mm), precipitation seasonality, precipitation of wettest quarter (mm), precipitation of driest quarter (mm), precipitation of warmest quarter (mm), and precipitation of coldest quarter (mm). Morphological and environmental data matrices were standardized separately, using the function zscores developing by R. E. Strauss (freely available at: http://www.faculty.biol.ttu. edu/Strauss/Matlab/Matlab.htm). Correlations were evaluated with the function matcor available in the CCA package (González et al., 2007) from CRAN.
RESULTS
MORPHOLOGICAL VARIATION
The MANOVA tests did not detect sexual dimorphism in the morphometric measurements, either for the whole sample (Wilks' lambda = 0.91, F = 1.1, P = 0.33) analyzed together or for independent samples of individuals categorized as intermedius (Wilks' lambda = 0.89, F = 1.3, P = 0.19) and individuals categorized as lituratus (Wilks' lambda = 0.8, F = 1.24, P = 0.18). Therefore, both sexes were pooled for calculating descriptive statistics (Table 1 ) and all subsequent analyses.
Results of the PCA performed for 390 specimens examined showed a continuous range of morphometric variation in the A. lituratus complex (Fig. 3) . The first two components of the PCA accounted for 73.3% of the total variation in the sample. PC1 was highly and positively correlated with all measurements (Table 2 ) and was therefore interpreted as an overall size variation vector. The normal mixture test using the PC1 loadings and GLS values found that the best-fitting model was for both the equal covariance model with two components or clusters. This result indicates that the data used have a bimodal distribution (Fig. 4) , which corresponds with the small (intermedius) and large (lituratus) morphotypes included in the sample that are partially overlapped. The MANOVA test detected significant differences between intermedius and lituratus for the whole sample (Wilks' lambda = 0.19, F = 91.4, P < 0.0001), among allopatric localities (intermedius = 163, lituratus = 150; Wilks' lambda = 0.17, F = 80.42, P < 0.0001), and among the ten sympatric localities (intermedius = 30, lituratus = 46; Wilks' lambda = 0.17, F = 16.82, P < 0.0001; Fig. 1 ; see also Supporting information, Appendix S1). PC1 loadings were used to illustrate the geographical distribution of size variation in the whole sample within the study area (Fig. 1) . Skull size variation in mainland Middle America in the A. lituratus complex showed a distinctive pattern with a geographical intergradation of small and large skull sizes. Individuals of intermedius had the smallest values of PC1 values and were mainly distributed along the west coast, whereas the largest values of PC1 were primarily distributed along the east coast and corresponded to individuals of lituratus. Individuals of lituratus from South America were within the size variation of their conspecific distributed in Middle America. Interestingly, morphological skull size distinctiveness between intermedius and lituratus was maintained in sympatry, with partial overlapping along the PC1 in three of the nine sympatric localities (Figs 1, 5 ).
ASSOCIATION BETWEEN MORPHOMETRIC MEASUREMENTS AND CLIMATIC DATA
The results of the CCA indicated a strong association between linear combinations of morphological and environmental variables (Table 3 ). The first canonical relation had a correlation of 0.73 between the vectors. The ordination of the first morphological and environmental eigenvectors depicted the high correlation between these vectors (Fig. 6) . The correlation values showed that, given an increase in precipitation of the driest month, precipitation of the driest quarter, precipitation of the warmest quarter, and a decrease in precipitation seasonality, all the morphometric variables increase in magnitude (Table 3) . Specimens assigned to intermedius and to lituratus occurred in different regions of morphological-environmental space with an area of overlap (Fig. 6) . Moreover, the second canonical relation has a correlation of 0.48, indicating a moderate correlation between the set of morphometric and environmental variables between the vectors (Table 3 ). The highest correlation values showed that, given an increase in annual trends of temperature, morphometric variables decreased in magnitude. In addition, we performed a canonical correlation analysis independently for each morphotype and the results for both morphotypes showed that the correlation between morphology and environment was high (see Supporting information, Table S1 ).
DISCUSSION ASSOCIATION OF ENVIRONMENTAL VARIATION AND SKULL MORPHOLOGY
Characterizing species' morphological and environmental variation across broad environmental gradients can be a useful approach for unravelling the environmental factors that directly influence phenotypic traits (Binning, Chapman & Dumont, 2010) . Using this approach, we observed that skull size in the A. lituratus complex in mainland Middle and South America shows both a continuous (Figs 1, 3 ) and bimodal pattern of variation (Fig. 4) . The skull size variation in mainland Middle America is geographically characterized by individuals of intermedius (small-skull phenotype) mostly distributed along the Pacific coast, whereas individuals of lituratus (large-skull phenotype) are mostly distributed along the Atlantic coast (with the exception of Panama where they occur on both coasts; Fig. 1 ). This pattern of geographical variation corresponds to the findings of Davis (1984) , who hypothesized that the smaller morphotype is mainly distributed within dry regions, whereas larger morphotype mainly inhabits humid regions.
We found that skull size in the A. lituratus complex is correlated with the environmental variables analyzed (Table 3) , which suggests that environmental pressures play an important role in determining differences in skull size and the geographical distribution of each morphotype. Remarkably, a high correlation between morphology and environment was maintained when the association was evaluated independently for each morphotype (see Supporting information, Table S1 ), which suggests that the pattern is not driven exclusively by differences between the morphotypes and the environments they occupy. Yet, instead of this variation being associated with a simple humidity gradient from the dry west to the humid east, as proposed by Davis (1984) , we found that seasonality, and in particular precipitation sea- VARIATION IN THE A. LITURATUS COMPLEX 7 sonality (measured as precipitation of the driest month, precipitation of the driest quarter, and intraannual precipitation variability; Table 3 ), is correlated with skull size. Specifically, skull size increases as the amount of precipitation during the driest season increases and as inter-annual precipitation variability decreases. This result is in accordance with previous empirical evidence showing that body and skull size and seasonality are correlated. For example, studies on bats (Burnett, 1983; Storz et al., 2001) and rodents (Colangelo et al., 2010) have shown that precipitation levels are associated with body and skull size, which agree with theoretical arguments proposing that fluctuations in environmental seasonality select for larger body size in mammals because of differences in the availability of resources and seasonal shortage (Boyce, 1979; Lindstedt & Boyce, 1985; Owen, 1989; Millar & Hickling, 1990) . Numerous studies (Barlow, Jones & Barratt, 1997; Freeman, 1998; Van Cakenberghe, Herrel & Aguirre, 2002; Aguirre et al., 2003; Dumont & Herrel, 2003; Dumont, 2007; Sztencel-Jabłonka, Jones & Bogdanowicz, 2009 ) have proposed that changes in skull morphology are an adaptation for feeding functions and this may imply a biomechanical signature. For example, gape angle and bite force are feeding performance measures that are closely associated with skull size as determined by the mechanical demands of species' diet (Santana, Dumont & Davis, 2010) . Fruit-eating bats require high bite forces and low gapes during most phases of food processing (Dumont, 1999; Dumont et al., 2009; , so that changes in skull morphology likely affect the feeding ecology of the species. Within Artibeus, the variation in skull morphology as a function of food properties has not been explored, although it is expected that size, shape, and hardness of the food consumed strongly influence skull morphology via changes in bite force (Marchán-Rivadeneira et al., 2010; Santana et al., 2010) . The fruit pulp consumed by Artibeus, which are mostly figs (August, 1981; Fleming, 1986; Handley, 1989; Giannini & Kalko, 2004) , provides most of the nutritional requirements for their diet (Handley & Gardner, 1991; Handley & Leigh, 1991; Teixeira, Corrêa & Fischer, 2009) . Previous studies in Panama found that, particularly during seasonal bottlenecks (when other fruits are scarce), fig fruits become important resources (Foster, 1982; Terborgh, 1986) , which shows that figs are keystone resources for many frugivorous bats including Artibeus (Kalko, Herre & Handley, 1996) . Indeed, seasonality influences fruit availability (both fruit type and abundance) and, thus, the local abundance of these fruiteating bats (Bianconi, Mikich & Pedro, 2006; Teixeira et al., 2009) . Moreover, given that fruit availability in each habitat occupied by Artibeus influences the variation of food resource consumed (Teixeira et al., 2009) , and that the availability of these resources varies seasonally and spatially, differences in average skull size would be predicted among localities with different environmental characteristics. Specifically, fluctuations in precipitation, which directly influences productivity, can result in skull size differences in Artibeus because of resource shortage and/or seasonal availability of different fruit species. On the one hand, increased seasonality may favour an increase in body size because large-size individuals can cope better with seasonal environments where food shortages occur or food is temporarily unavailable (Boyce, 1979) . On the other hand, it is also possible that differences in size are the result of spatially variable availability of food resources (i.e. local abundance of different fruit types). Although we did not measure differences in body size, Davis (1984) found that skull size and body size tightly covary, suggesting that similar mechanisms may be in place in the A. lituratus complex.
BIOGEOGRAPHICAL IMPLICATIONS OF SPATIAL DISTRIBUTION OF SKULL SIZE IN A. LITURATUS
We documented a gradation of skull sizes in the populations of the Artibeus lituratus complex along a precipitation seasonality gradient (Fig. 1) . Our analyses report ten localities where individuals of intermedius and lituratus co-occur in sympatry in mainland Middle America (Fig. 5 ). This geographical overlap, which appears to imply a mismatch between environment and phenotype, could be the consequence of recent historical events in populations of the A. lituratus complex that brought both morphotypes together. Given the current distribution of skull variation in A. lituratus outside Middle America, it appears that the large morphotype is associated with the South American populations of the species, whereas the small morphotype is of endemic origin in Middle America. This suggestion is supported by the finding that individuals of A. lituratus distributed east of the Andes Mountains in South America are larger than those of intermedius and present more morphological similarities with Middle American lituratus. This interpretation is in line with previous morphological data suggesting that Central American and west of the Andes populations are range extensions from a basal stock that originated in Amazonian South America (Larsen, 2010 ; P. A. Larsen, M. R. Marchán-Rivadeneira & R. J. Baker, unpubl. data). Further, we hypothesize that A. lituratus invaded Central America initially by exploiting the tropical rainforest present in this region where the large skull size typical of Amazonian South American populations has been maintained. An extension of this scenario is that the small size of intermedius is a derived morphological condition adapted primarily to particular conditions, such as the dry deciduous forest typical of the west coastal regions of Central America. If these hypotheses are accurate, then there should be a correlation between an environmental dry condition and the morphological features that distinguish intermedius. Our analysis indicated a high correlation between morphology and environment (Fig. 6, Table 3 ). This result supports the hypothesis that environmental pressures are at least partially responsible for the skull size differences observed and indicates that a better understanding of the association between environment and morphotype can shed light into the evolutionary history of a species group.
CONCLUSIONS
We found that there is extensive variation in skull size among populations of the A. lituratus complex from mainland Middle and South America and that this variation is significantly associated with differences in environmental conditions across this region. Moreover, the nonrandom distribution of individuals with different skull sizes suggests that environmental filtering plays a significant role in determining the geographical distribution of morphological variants. In addition, the present study contributes to a better understanding of the natural history of the A. lituratus complex. We propose that greater understanding of skull morphology functionality as an adaptive response to food source variation and seasonality will require detailed ecological studies of the local conditions of the geographical localities that these bats inhabit. 
